The strigolactones, a class of plant hormones, regulate many aspects of plant physiology. In the inhibition of shoot branching, the α/β hydrolase D14-which metabolizes strigolactone-interacts with the F-box protein D3 to ubiquitinate and degrade the transcription repressor D53. Despite the fact that multiple modes of interaction between D14 and strigolactone have recently been determined, how the hydrolase functions with D3 to mediate hormone-dependent D53 ubiquitination remains unknown. Here we show that D3 has a C-terminal α-helix that can switch between two conformational states. The engaged form of this α-helix facilitates the binding of D3 and D14 with a hydrolysed strigolactone intermediate, whereas the dislodged form can recognize unmodified D14 in an open conformation and inhibits its enzymatic activity. The D3 C-terminal α-helix enables D14 to recruit D53 in a strigolactone-dependent manner, which in turn activates the hydrolase. By revealing the structural plasticity of the SCF D3-D14 ubiquitin ligase, our results suggest a mechanism by which the E3 coordinates strigolactone signalling and metabolism.
. Strigolactones are also exuded by plant roots for stimulating interactions with symbiotic fungi 4 and exploited by parasitic plants to time their seed germination [5] [6] [7] [8] . As a group of terpenoid lactones, strigolactones typically comprise a butenolide ring (D ring) connected to a variable tricyclic lactone (the ABC rings) via an enol-ether bridge 9, 10 . Functional dissection of both natural and synthetic strigolactone molecules has indicated that the C and D rings and their linkage are essential for strigolactone activity, whereas separated ABC or D rings are inactive in plants [10] [11] [12] [13] . The perception and signal propagation of strigolactones are coordinated by three highly conserved components: DWARF3 (D3) in rice, or the Arabidopsis thaliana orthologue MAX2 (also known as AT2G42620), D14 (AT3G03990) and D53 (LOC4349543) in rice, or the Arabidopsis homologues SMXL6 (AT1G07200), SMXL7 (AT2G29970) and SMXL8 (AT2G40130) 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] . As a member of the α/β serine hydrolase superfamily, D14 not only serves as the strigolactone receptor but also metabolizes strigolactones into tricyclic ABC-and D-ring products, albeit at a rate that is much slower than most known α/β hydrolases 12, 13, 23 . D3 in rice (or MAX2 in Arabidopsis) encodes an F-box protein and binds Arabidopsis SKP1-like protein (ASK1) to function as a substrate receptor of an SKP1-CUL1-F-box (SCF) ubiquitin ligase complex 20, 24 . Recent studies have shown that D3 or MAX2, when bound to D14, mediates the inhibition of shoot branching by sensing strigolactones and ubiquitinating D53 (or the Arabidopsis homologues SMXL6, SMXL7 and SMXL8), which is a key nuclear repressor that regulates distinct developmental processes and target genes of strigolactone signalling [15] [16] [17] 22, [25] [26] [27] [28] . Early structural studies of strigolactone perception focused on the binding of the hormone to isolated D14 orthologues 12, 13, 23, 29 . Crystal structures of several D14 orthologues-either in their apo or ligandbound forms-revealed a common α/β fold with a large, solventexposed ligand-binding pocket 6, [12] [13] [14] 23, 30 . Thus, strigolactones have previously been thought to be perceived by D14 orthologues in this open conformation, although possible conformational changes have also been suggested. A recent study of the pea (Pisum sativum) D14 orthologue RAMOSUS3 (RMS3) suggested that the α/β-fold hydrolase is a single-turnover enzyme, which produces a covalent D-ring-enzyme complex via the catalytic histidine after substrate hydrolysis and the rapid release of the ABC ring 31 . The crystal structure of rice ASK1-D3 in complex with Arabidopsis D14 (AtD14; all uses of D14 without a species prefix refer to D14 from Oryza sativa) further uncovered a closed conformation of D3-bound AtD14, which sequesters the covalently linked intermediate molecule (CLIM) of strigolactone inside a small enclosed pocket 32 . These results raised the possibility that CLIM might represent the active form of the hormone. However, this proposition is complicated by the identification of multiple non-hydrolysable strigolactone agonists 6, [33] [34] [35] . To better delineate the signalling-competent form of D14 in the context of substrate recognition by the SCF E3 and its relationship with hormone hydrolysis, we have performed structure-function studies of the homogeneous rice D14-D3-D53 system. Our analyses have revealed not only structural plasticity in D3 but also functional states of SCF D3-D14 that are switchable by D53 for strigolactone hydrolysis.
. D3-CTH uses its N-terminal tip and preceding loop to assist the recognition of the CLIM-bound α/β hydrolyase by three other D3 C-terminal LRRs (LRR17-LRR19) (Extended Data Fig. 4b ). Without the rest of the F-box protein, it is unlikely that our D3-CTH peptide interacts with CLIMbound D14 in a similar manner. D14 hydrolyses the fluorogenic strigolactone agonist Yoshimulactone Green (YLG) 7 with a biphasic time course that is characterized by a rapid initial phase followed by slow linear hydrolysis (Fig. 2c) . Such a two-stage reaction has been reported for RMS3, which becomes completely inhibited by CLIM after hydrolysing a substrate molecule 31 . Instead of being a single-turnover enzyme, however, D14 slowly released the D-ring under our experimental conditions and continued to hydrolyse additional substrate, as evidenced by the slow linear phase of its enzyme kinetics. Consistent with the recognition and stabilization of CLIM-bound D14 by D3-ASK1, the addition of recombinant D3-ASK1 to D14 reduced the substrate hydrolysis rate of D14 in the slow linear phase without compromising the rapid initial reaction (Fig. 2d ). An increasing amount of the isolated D3 C-terminal peptide not only blocked the slow linear hydrolysis but also inhibited the initial reaction-that is, the first cycle of YLG hydrolysis by D14 (Fig. 2e) . Moreover, the half maximal inhibitory concentration of the D3 C-terminal peptide in inhibiting D14 and its affinity to the α/β hydrolase are in the same range (Fig. 2a, f) . These results suggest that the C-terminal region of D3-when dislodged from the LRR domaincan interact with and block the enzymatic activity of D14 in a manner that is different from the engaged form of this C-terminal region.
Structure of a D3-CTH-D14-GR24 complex
To map the binding mode of a D3 C-terminal peptide to D14 bound to GR24, we crystallized and determined the structure of D14 that is N-terminally fused with a D3 C-terminal sequence in the presence of GR24. In the crystal, the D3 C-terminal sequence in one polypeptide chain acts in trans and interacts with D14 of a neighbouring molecule, which contains an island of electron density near the catalytic triad of D14 (Extended Data Fig. 5a ). Similar to the isolated form of D14, D14 bound to D3-CTH adopts an open conformation that is characterized by a solvent-accessible substrate-binding pocket (Fig. 3a) . The electron density inside the pocket matches the overall shape of the GR24 D ring, although the position of this density is different from where the GR24 degradation product-5-hydroxy-3-methylbutenolide (D-OH)-has previously been found 13, 23 (Extended Data Fig. 5b, c) . We tentatively assigned this density to the D ring of an unhydrolysed hormone for several reasons. First, the crystallized D14 fusion polypeptide shows little enzymatic activity in hydrolysing substrate (Extended Data Fig. 5d ). Black arrow indicates the conformational shift of LRR19 when LRR20 is disordered. e, Limited proteolysis of ASK1 in complex with the D3 protein with (ASK1-D3) or without (ASK1-D3(ΔCTH)) the D3-CTH. The experiment was repeated three times. The D3 protein was purified with its N-terminal (NTD) and C-terminal (CTD) segments tightly associated with each other (see Methods). 'Deg. ' indicates the proteolytic product of D3-CTD. 
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Second, the electron density is extended beyond the D ring, and points towards the exit of the hormone-binding pocket. Third, the location of the D ring predicts that the tricyclic ABC rings are largely solventexposed, which could explain their missing electron density. In comparison to the previously reported GR24-D14 structure 14 , the hormone is markedly removed from the catalytic centre instead of being poised for hydrolysis (Fig. 3b) . The relative position of the hormone, and its orientation to the active site, suggest that it is bound to the enzyme in a non-reactive configuration.
Upon binding to D14, the D3-CTH sequence adopts the same α-helical conformation as seen in its engaged form (Fig. 3a, d ). D3-CTH docks to a surface site on D14 that is opposite to where D3 binds in the structure of the AtD14-D3-ASK1 complex (Extended Data Fig. 5e ). At one end of this interface, Glu700 clamps the D3 α-helix to the hydrolase by making polar interactions with Ser224 and His133 on the D14 αE helix and β6-αT1 loop, respectively. At the other end of the interface, D3-CTH inserts Leu707 into a hydrophobic cleft formed between the αE helix and β8 strand of D14 (Fig. 3c) . As a whole, the helical portion of the D3 C-terminal sequence buries a total of 800 Å 2 surface area on D14. If the acidic C terminus of D3-CTH were not fused to the N terminus of the neighbouring D14 molecule, it might be able to interact with a nearby basic D14 surface (Extended Data Fig. 5f ).
Superposition analysis of free D14 and D14 bound to D3-CTH reveals a slight rotation of the cap domain around the hormonebinding pocket, which could couple the docking of D3-CTH to the binding of the unhydrolysed hormone (Extended Data Fig. 5g) . A closer comparison of all D14 structures also reveals a potential allosteric pathway that links D3-CTH binding to the D14 catalytic triad (Extended Data Fig. 5h ). Importantly, D3-CTH uses several common residues to either bind D14 in its open conformation or engage with the rest of the LRR domain (Fig. 3d) . The incompatibility of the two structures strongly suggests that D3-CTH binds D14 when dislodged from the LRR domain. Overall, the binding mode of the D3 C-terminal peptide to D14 reflects a functional state of SCF D3-D14 that is different from D14 bound to CLIM.
Reactivation of D3-bound D14 by D53
In an in vitro protein degradation system, we next reconstituted proteasome-mediated degradation of recombinant D53 with cell-free extracts prepared from Arabidopsis Col-0 seedlings (Fig. 4a) . Consistent with the essential role of the MAX2 in strigolactone signalling, max2-1 extracts lack D53-degrading activity but can be rescued by the addition of recombinant D3 and D14. On the basis of its sequence homology with proteins of the class I Clp ATPase family, D53 is predicted to contain an N-terminal domain and two putative ATPase domains (D1 and D2). We purified each of these D53 domains fused to GST and found that the D2 domain of D53 (D53-D2) is solely responsible for binding D14 in a GR24-dependent manner 16 (Extended Data Fig. 6a ). Both fulllength D53 and the isolated D2 domain can form a stable complex with D14-D3-ASK1 in the presence of GR24 as detected by size-exclusion chromatography (Fig. 4b, Extended Data Fig. 6b ). Although previous studies have suggested that D14 and D3 can individually interact with D53 [15] [16] [17] , we found that the D2 domain of D53 becomes stably associated with D14 only in the presence of D3 and GR24. The three binding partners, therefore, assemble cooperatively into a ternary complex, which explains the degradation of the D2 domain of recombinant D53 by the proteasome in a MAX2-dependent manner (Fig. 4a) . Together, these data pinpoint the D2 domain of D53 as the functional module for hormone-induced and SCF
MAX2-D14
-catalysed turnover. We next used the D2 domain of D53 to probe the role of the C-terminal region of D3 in D14-mediated substrate binding. Consistent with the ability of D3 to flip out its CTH without compromising its structural integrity, truncating the 28-amino-acid C-terminal region had no detectable effect on the folding and solution behaviour of D3 (Extended Data Fig. 6c) . However, the C-terminally truncated D3 mutant protein could neither form a ternary complex with D14 and D53-D2 on a sizing column, nor restore the D53 degradation activity of the max2-1 extracts (Fig. 4a, Extended Data Fig. 4c, d ), which indicates a critical role of the C-terminal region of D53 in substrate recruitment by SCF D3-D14 . The isolated C-terminal peptide of D3 was able to stimulate D14 and D53-D2 to pull down one another in the presence of GR24 (Fig. 4c, Extended Data Fig. 7a ). In the morequantitative AlphaScreen assay, the D3 peptide-but not two shorter versions-elicited the same effect in a dose-dependent manner (Extended Data Fig. 7b ). Mutation of a single D14 residue (S224E) at the interface revealed in our D3-CTH-D14 structure compromised D3-CTH-D14 binding and was sufficient to prevent GST-D53-D2 from pulling down D3 (Extended Data Fig. 7c, d ). These data strongly suggest that the C-terminal region of D3 helps recruit D53 when D3-CTH is liberated from the LRR domain of D3 and becomes compatible for binding D14 with the canonical open conformation. This notion is further corroborated by the impaired D53 degradation observed with either the isolated D3-CTH peptide or the D14(S224E) mutation in the cellfree extracts (Extended Data Fig. 7e, f) . D53 was originally identified through the gain-of-function rice mutant d53, the gene product of which becomes resistant to strigolactone-induced degradation owing to the loss of four amino acids in the D2 domain 15, 16 . Accordingly, the D2 domain of the recombinant d53 mutant protein was unable to pull down D14 in the presence of D3-CTH and GR24, and remained stable in Col-0 cell extracts (Extended Data Fig. 7a, g ). These results further support the functional relevance of the D3-CTH-mediated recruitment of D53 to SCF D3-D14 . Given the structural flexibility of D14, we next investigated the effect of substrate binding on the hydrolase activity of D14. Similar to GR24, YLG can induce complex assembly among D14, D3-ASK1 and the D2 domain of D53 (Extended Data Fig. 7h ). By monitoring YLG hydrolysis, we detected little change in the enzymatic kinetics of D3-ASK1-arrested D14 when the D2 domain of D53 was present (Extended Data Fig. 7i ). By contrast, the addition of D53 robustly blocked the inhibition of the enzymatic activity of D14 by the D3 C-terminal peptide, both in the rapid initial reaction and the slow linear phase (Fig. 4d) . Together, these results suggest that the enzymatic activity of D14 within the SCF D3-D14 ubiquitin ligase complex is susceptible to modulation Article reSeArcH by D53 binding, and such a modulatory effect is dependent on the conformational state of the CTH of the F-box protein.
SMXL7 levels are compromised by D3-CTH
To further validate the role of D3-CTH in vivo, we expressed SMXL7-YFP alone or in combination with AtD14, AtD14 fused to MAX2-CTH (AtD14-CTH), or MAX2-CTH (CTH) alone in tobacco epidermal cells. Despite the cross-species reactions, SMXL7 was markedly destabilized upon GR24 treatment (23% reduction, Fig. 5a , e), which indicates that the strigolactone perception machinery that is endogenous to tobacco epidermal cells is sufficient to induce GR24-dependent degradation of SMXL7. In support of the functionality of AtD14 in tobacco epidermal cells, the above response was further accentuated in nuclei that coexpress AtD14-CTH-mCherry-reaching a nearly 50% reduction in the level of SMXL7 by the end of the incubation time (Fig. 5b, e) . However, this enhancement effect was completely eliminated and reversed to 11.8% and 6% reduction when SMXL7-YFP was coexpressed with D14-CTH-mCherry or CTH-NLS (nuclear localization sequence)-mCherry, respectively ( Fig. 5c-e) . The MAX2-CTH, therefore, not only prevented AtD14 from accelerating the degradation of SMXL7 but also impaired the destabilization of SMXL7 by endogenous strigolactone-signalling components, in response to GR24 treatment.
A model of the functional states of SCF

D3-D14
Our studies have uncovered a structural plasticity in the D3 F-box protein, which can adopt two distinct structural states by altering the topology of its CTH. With an engaged CTH, the F-box protein is structurally compatible for binding the inactive closed conformation of CLIM-bound D14. When the D3-CTH is unleashed from the LRR domain, D3 uses the helical structural element to capture hormone-bound D14 via a different interface. In this binding mode, the hydrolase maintains its open conformation, which allows its enzymatic activity to be tunable by D53, the substrate of the SCF E3. We postulate that the plant SCF D3-D14 complex has evolved these unusual features to orchestrate strigolactone sensing, substrate polyubiquitination and hormone metabolism in a highly coordinated manner. To explain the activity of non-hydrolysable strigolactone agonists 6, [33] [34] [35] , we propose that D14 perceives and transduces the hormonal signal in its open conformation, which is recognized by the D3-CTH and is competent for D53 binding (Extended Data Fig. 8 , Supplementary Discussion). Before loading the SCF substrate, D3 arrests strigolactone-bound D14 to prevent premature hydrolysis of the hormone. Hormone-dependent association of D53 with SCF D3-D14 not only triggers D53 polyubiquitination but also licenses D14 to catalyse strigolactone metabolism, which takes place while D53 is being fully modified (or after D53 has been fully modified) by a ubiquitin chain. A more-detailed quantitative understanding of the timing of strigolactone hydrolysis and polyubiquitin chain assembly on a substrate awaits further studies.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Protein preparation and purification. The full-length rice D3 (O. sativa) and A. thaliana ASK1 were co-expressed as a 6 × His-2 × Msb (msyB) 36 fusion protein and an untagged protein, respectively, in Hi5 suspension insect cells. The ASK1-D3 complex was isolated from the soluble cell lysate by Q Sepharose High Performance resin (GE healthcare). NaCl eluates (500 mM) were subjected to Nickel Sepharose Fast Flow (GE Healthcare) and were eluted with 250 mM imidazole. To remove the 6 × His-2 × Msb fusion tag, the clarified complex was cleaved at 4 °C for 16 h by tobacco etch virus (TEV) protease, and was further purified by anion exchange and gel-filtration chromatography. For crystallization and biochemical analysis purposes, the D3-expressing construct was designed to eliminate a non-conserved 40-residue disordered loop between amino acid 476 and amino acid 514 after affinity purification. The resulting D3 fusion protein contains an 6× His-2 × Msb tag at the N terminus and three TEV protease sites: between the Msb tag and D3, after T476 and before L514, yielding a purified split form of D3 with D3 N-terminal domain (1-476) and C-terminal domain (514-720) stably associated (Extended Data Figs. 2, 3 ). D3(ΔCTH) (O. sativa, residues 1-693) was co-expressed with ASK1 and purified in the same manner as full-length D3. Purified ASK1-D3 and ASK1-D3(ΔCTH) complexes were independently eluted as a single monodispersive peak off a Superdex-200 gel-filtration column (GE Healthcare) with an estimated molecular weight of 93 kDa or 90 kDa, respectively. The D3(ΔC10) construct, which lacks the C-terminal 10 amino acids, was also purified using a similar procedure. Rice D14 protein (O. sativa, residues 52-318) was expressed as a 6 × His-SUMO fusion protein from the expression vector pSUMO (LifeSensors, and a gift from E. Xu). BL21 (DE3) cells transformed with the expression plasmid were grown in LB broth at 16 °C to an OD 600 of ∼1.0 and induced with 0.1 mM IPTG for 16 h. Cells were collected, re-suspended and lysed in extract buffer (20 mM Tris-HCl, pH 8.0, 200 mM NaCl). His-SUMO-D14 was isolated from soluble cell lysate by Ni-NTA resin. The eluted His-SUMO-D14 was subjected to anion exchange and the eluted His-SUMO-D14 was cleaved overnight with SUMO protease (Ulp1, LifeSensors) at a protease-to-protein ratio of 1:1,000 at 4 °C. The cleaved His-SUMO tag was removed by passing through a Nickel Sepharose column, and the protein was further purified by chromatography through a Superdex-200 gel-filtration column in 20 mM Tris, pH 8.0, 200 mM NaCl, 2 mM DTT. Full-length D53 (O. sativa) was expressed as a GST fusion protein in Hi5 suspension insect cells. D14 (O. sativa, residues 52-318), D3-CTH (O. sativa, residues 693-720), D53 N domain (D53-N, residues 1-181), D53 D1 domain (D53-D1, residues 182-406), D53 D2 domain (D53-D2, residues 718-1,131), and the D2 domain of the d53 mutant (F811T followed by deletion of residues 812-818, as previously described 15, 16 ) were expressed as GST fusion proteins in BL21 (DE3) cells. GST-tagged proteins were isolated by glutathione sepharose (GE Healthcare) using a buffer containing 50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 4% glycerol, 5 mM DTT. Proteins were further purified by either elution with 5-8 mM glutathione (Fisher BioReagents), or on-column cleavage by TEV, followed by anion exchange and size-exclusion chromatography. All proteins were concentrated by ultrafiltration to 3-10 mg ml -1 . Crystallization, data collection and structure determination. The crystals of ASK1-D3 form 1 complex were grown at 4 °C by the hanging-drop vapour diffusion method with 1.0 μl protein-complex sample mixed with an equal volume of reservoir solution containing 6.5% CP-42, 175 mM sodium citrate tribasic dihydrate, 87 mM HEPES sodium pH 7.5 and 26% MPD. Crystals of maximal sizes were obtained and collected after 2 weeks. The heavy-atom derivative ASK1-D3 form 1 crystals were prepared by soaking the native crystals in the presence of 10 mM K 2 Pt(NO 2 ) 4 for 4 h. The crystals of the ASK1-D3 form 2 complex were grown at 25 °C by the hanging-drop vapour diffusion method with 1.0 μl protein-complex sample mixed with an equal volume of reservoir solution containing 80 mM TrisHCl, pH 7.0, 24% MPD, 24% PEG1000, 24% P3350; 15 mM sodium citrate tribasic dihydrate pH 5.6 and 0.5 M 1,6-hexanediol. The crystals of ASK1-D3 form 3 complex were grown at 25 °C by the hanging-drop vapour diffusion method with 2.0 μl protein-complex sample mixed with an equal volume of reservoir solution containing 150 mM Tris-HCl, pH 7.4, 22% MPD, 22% PEG1000, 22% P3350, 15 mM sodium citrate tribasic dihydrate pH 5.6, 0.45 M 1,6-hexanediol, and 5 mM DTT. The crystals of D14-D3-CTH were grown at 4 °C by the hanging-drop vapour diffusion method with 1.0 μl protein-complex sample mixed with an equal volume of reservoir solution containing 0.02 M amino acid mixture (Glu, Ala, Gly, Lys and Ser); imidazole; 0.1 M MES monohydrate, pH 6.5, 40% glycerol and 20% PEG4000. The single anomalous dispersion dataset was collected near the platinum absorption edge (λ = 1.072 Å). X-ray diffraction data were integrated and scaled with HKL2000 package 37 . Single anomalous dispersion was used to determine the initial phase using PHENIX 38 with a 2.5 Å platinum derivative dataset for ASK1-D3 form 1. Initial structural models were built, refined and rebuilt using COOT 39 and PHENIX. The final model was built and refined with a native dataset. The crystals of ASK1-D3 form 2 and ASK1-D3 form 3 complexes were determined by molecular replacement using ASK1-D3 form 1 structure as the search model. The D14-D3-CTH structure was determined by molecular replacement using rice D14 structure (PDB 4IH9) 23 as the search model. All structural models were manually built, refined, and rebuilt with PHENIX and COOT. AlphaScreen luminescence proximity assay. AlphaScreen assays for determining and measuring protein-protein interactions were performed using EnSpire reader (PerkinElmer). GST-tagged D53 or D14 was attached to glutathione AlphaScreen donor beads. His-tagged D14 or D3 was attached to anti-6 × His conjugated AlphaScreen acceptor beads. The donor and acceptor beads were brought into proximity by the interactions between D14, D53 and ASK1-D3 complex, which were measured with and without GR24 and/or non-tagged proteins at indicated concentrations. When excited by a laser beam of 680 nm, the donor beads emit singlet oxygen that activates thioxene derivatives in the acceptor beads, which then release photons of 520-620 nm as the binding signal. The experiments were conducted with 100-500 nM of D14 or D53 and 1 μM ASK1-D3 complex proteins in the presence of 5 μg/ml donor and acceptor beads in a buffer of 50 mM MES, pH 6.5, 150 mM NaCl, 1 mM DTT and 0.1 mg/ml bovine serum albumin. The results were based on an average of three experiments with standard errors typically <10% of the measurements. Half maximal inhibitory concentration values were determined using nonlinear curve-fitting of graphs generated with Prism 6 (GraphPad). YLG hydrolysis assay. YLG (TCI America) hydrolysis assays were performed using 1-2 μg of recombinant proteins in a reaction buffer (50 mM MES pH 6.5, 150 mM NaCl and 1 mM DTT) at a 100-μl volume on a 96-well black plate (Greiner). The fluorescence intensity was measured by EnSpire 2300 multilabel plate reader (PerkinElmer) at excitation by 480 nm and detection by 520 nm. Ninety-six-well black half-area plates were covered with Viewdrop III UV plate seals to prevent evaporation. Time-course experiments were performed in 10-s intervals over 50-60 min. Fluorescence data were converted directly to fluorescein concentration using a standard curve. Data generated in Excel were transferred to Prism 6 for graphical analysis and curve-fitting. In all cases in which synthesized peptides (Genscript and Biomatik) were analysed, dimethylsulfoxide (DMSO) was added in equivalent concentration into the reaction. Size-exclusion chromatography. Purified proteins (20-50 μM) were incubated with 100-200 μM GR24 (Chiralix), or equal amount of acetone as the solvent control, at 4 °C for one hour in 20 mM HEPES, pH 7.0, 150 mM NaCl and 2 mM DTT. The reaction was injected onto a Superdex-200 Increase 10/300 column (GE Healthcare) for analysis at a flow rate of 0.5 ml min . The elution fractions (0.5 ml per fraction) were resolved by SDS-PAGE and analysed by Coomassie blue G-250 stain. Limited proteolytic digestion. One milligram per millilitre of purified ASK1-D3 (or ASK1-D3(ΔCTH)) was incubated at 4 °C for 12 h with increasing amount of trypsin solution containing 0.05 mg ml −1 trypsin (Agilent) at the volume ratio of 1:3,000, 1:1,500 and 1:750 in 40 mM Tris-HCl, pH 7.5 and 1 mM DTT. The proteolysis reactions were stopped by fivefold-concentrated SDS-PAGE sample buffer immediately followed by 5 min boiling at 95 °C. Proteins were resolved by SDS-PAGE and Coomassie blue G-250 stain. The resolved bends corresponding to ASK1 and digested D3-CTD were excised and further analysed by N-terminal sequencing (Analytical Core Facility, Tufts Medical School). Affinity pull-down assay. Pull-down assay was performed using ~20-40 μg of purified GST-tagged proteins as the bait and ~10-25 μg of either His-tagged or non-tagged proteins. Reaction mixtures were incubated with GST beads (GE Healthcare) at 4 °C for 30 min in the reaction buffer with 40 mM Tris-HCl, pH 7, 100 mM NaCl 2 mM DTT and 0.01% bovine serum albumin. After an extensive wash with a buffer containing 40 mM Tris-HCl, pH 7, 250 mM NaCl, 2 mM DTT and 0.01% (v/v) Tween 20, the protein complexes on the beads were either eluted by fivefold-concentrated SDS-PAGE sample buffer or by 5 mM glutathione. All samples were boiled at 95 °C for 5 min and resolved by SDS-PAGE. Proteins were analysed as indicated by Ponceau stain or western blot analysis using specific polyclonal anti-GST antibody and monoclonal anti-His antibody (Sigma). In pull-down assays in the presence or absence of 20-100 μM GR24, acetone was used as solvent control. Inputs samples represent 5-10% of the total reaction. D53 stability in a reconstituted cell-free system. Arabidopsis ecotype Columbia-0 (Col-0) wild-type and max2-1 mutant seeds were surface-sterilized with 50% (v/v) bleach and 0.1% Triton X-100. After cold treatment at 4 °C for 48 h, seeds were germinated and grown on 0.5 × Murashige and Skoog (MS) medium containing 0.8% agar and 1% sucrose under continuous light at 22 °C. One hundred milligrams of 7-day-old seedling were collected and frozen in liquid nitrogen. Total proteins were extracted after grinding with native protein extraction kit (Minute, Invent Biotechnologies) supplemented with protease inhibitor cocktail (Roche), followed by two sequential centrifugations at 12,000g for 10 min. To monitor protein degradation in the cell-free system, 0.5 μg of purified GST-tagged proteins (either full-length D53, D53-D2 or d53-D2, as indicated) was incubated at 22 °C Article reSeArcH in a reaction mixture that contained, at a final volume of 12.5 μl, 1-2 μl of plant extract supplemented with 10 μM GR24, 25 mM Tris-HCl, pH 7.4, 0.625 mM ATP, 5 mM MgCl 2 and 0.5 mM DTT. Where indicated, the proteasome inhibitor MG132 (Calbiochem) was added at a concentration of 100 μM. Reactions were terminated at the indicated times by the addition of fivefold-concentrated sample buffer. Boiled samples were resolved via SDS-PAGE, and proteins were visualized using western blot and polyclonal anti-GST antibodies (Sigma). Plant growth conditions. Nicotiana benthamiana plants were grown on F2 compost (Levington Horticulture) pre-treated with 0.2 g L-1 Intercept (Everris). Glasshouse conditions as follows: 16 h light:8 h darkness, minimum irradiance 88 W per m 2 , shading implemented at 500 W per m 2 and cooling implemented at 31 °C. Humidity and temperature were determined by the ambient conditions. Cloning and plant transformation. All constructs were cloned using Multi-site Gateway (Invitrogen). A previously generated CaMV 35S promoter and SMXL7-YFP expression vector were used 25 . D14, D14-CTH and CTH-NSL sequences were synthesized and cloned into pDONR221. The mCherry and YFP fluorescent tags were cloned into the pDONR P2-P3R and all ENTRY vectors were then recombined in the relevant combinations in pH7m24GW (https://gateway.psb.ugent. be/). Agrobacterium tumefaciens strain GV3101 was transformed using standard electroporation procedure. Assays for transient gene expression mediated by A. tumefaciens in N. benthamiana. A. tumefaciens (strain GV3101) carrying the desired transfer DNA construct was grown overnight at 28 °C with the appropriate antibiotics. Cells were collected by centrifugation at 8,000g and resuspended in agro-infiltration medium with 5 mM MES, 10 mM MgCl2, pH 5.6, before syringe infiltration into leaves of 3-4-week-old N. benthamiana plants. Bacteria carrying each construct were infiltrated at a final OD 600 nm of 0.4. Leaves were detached 48 h post-infiltration for confocal imaging. Confocal microscopy. All confocal images were captured on a Leica SP8 laser scanning confocal using a W Plan-Apochromat 20× 1.0 numerical aperture objective (Zeiss). Detection wavelengths: 520-540 for SMXL-YFP, and 600-620 for mCherry-tagged proteins. The pinhole was set to one airy unit for all nuclei. Detection gain and laser power were kept constant between t 1 and t 0 for intensity comparison and the same settings were used for all nuclei of the same construct combination. Laser power was adjusted across construct combinations as necessary to account for differences in expression level and avoid signal saturation. SMXL7 quantification. Two days after infiltration, leaves were infiltrated with A. thaliana salt (ATS) with 0.1% v/v acetone for the mock or 10 μM GR24, 0.1% v/v acetone for the treated samples. Between 7 and 13 nuclei expressing 35S:SMLX7-YFP alone or in combination with either 35S:D14-mCherry, 35:D14-CTH-mCherry or 35:CTH-NLS-mCherry were located and imaged at time 0. The same nuclei were then imaged again using identical settings after 120 min for each construct combination and treatment. Areas of interest were drawn around each nucleus in ImageJ version 2.0.0 and the mean signal intensity was recorded. The ratio of the means at 0 min and 120 min post-treatment was used to compute relative fluorescence at t 1 , which is expressed as the percentage of change in the level of SMXL7. Distributions for each combination and treatment condition were compared using a two-tailed Student's t-test with Bonferroni correction. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
Structural coordinates and structural factors have been deposited in the RCSB Protein Data Bank under accession numbers 6BRO, 6BRP, 6BRQ and 6BRT. Uncropped gels and blots are available in the Supplementary Information. All other data are available from the corresponding author upon reasonable request. 
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Software and code
Policy information about availability of computer code
Data collection
Crystallography: HKL2000 for X-ray data collection. Leica SP8 laser scanning confocal: Leica Application Suite X and ImageJ version 2.0.0 Data analysis Prism 7 .00 was used to analyze and produce graphs. Protein structure statistics were produced, processed and analyzed by HKL2000, CCP4, Phenix 1.13, COOT 0.8.8, and PyMOL 1.8.6.0
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
The proteins coordinate and atomic structure factors have been deposited in the Protein Data Bank (PDB) under accession number 6BRP, 6BRT, 6BRO, 6BRQ. All other data are available from the corresponding author upon reasonable request.
